The σ,π-cyclooctenyl iridium (III) pincer compounds [Ir(κ 3 -pydc-X)(1-κ-4,5-η-C 8 H 13 )] (X = pydc)(1-κ-4,5-η-C 8 H 13 )(L)] (L = py, BnNH 2 , PPh 3 and PMe 3 ). Reaction of 1 with the shortbite bis(diphenylphosphino)methane (dppm) afforded the mononuclear 1-dppm, with an uncoordinated P-donor atom, or the dinuclear 1 2 -dppm complex as a function of the molar ratio used. Similarly, the dinuclear complexes 1 2 -dppe and 1 2 -dppp have been prepared using 1,2-bis(diphenylphosphino)ethane (dppe) and 1,3-bis(diphenylphosphino)propane (dppp) as bridging ligands. The diphosphine-bridged dinuclear assemblies have been obtained as two diastereoisomers in a 1:1 ratio due to the chirality of the mononuclear building block. The single crystal X-ray structures of 1-py and 1-dppm are reported.
Introduction
The chemistry of pincer ligands, bearing three coordination sites providing a rigid meridional environment to the metal center, is one of the most dynamic areas in modern inorganic chemistry due to the impressive number of applications in material science and catalysis. 1 In spite of the apparent simplicity of the ligand framework, pincer ligands are valuable tools for generating metal complexes with an adequate balance of thermal stability and reactivity. Although a large number of ligands bearing C, N, P or S donor-based functionalities have been synthesized, 2 pincer ligands having O-donor fragments have been much less studied. 3 In this context, the ability of OCO and ONO trianionic pincer ligands for supporting high-oxidation-state metal complexes with vacant coordination sites, which have been recently exploited for a range of catalytic transformations, is remarkable. 4, 5 same group has described the synthesis of bis(phenolate)pyridine iridium(III) pincer complexes (Chart 1, ii) and their ability to smoothly activate both intra-and intermolecular C-H bonds. 10 On the other hand, at the same time we reported the synthesis of unsaturated iridium(III) pyridinedicarboxylate pincer complexes (Chart 1, iii) which exhibited a notable catalytic activity in borylation of arenes involving C-H bond activation under thermal conditions. 11 It is noteworthy that the synthesis of some iridium and rhodium complexes containing pyridine-2,6-dicarboxylate ligands has been described but no catalytic applications were reported. In the present contribution we report on the synthesis and reactivity of unsaturated σ,π-cyclooctenyl complexes [Ir(κ 3 -pydc-X)(1-κ-4,5-η-C 8 H 13 )] (X = H, Cl, Br). The straightforward synthesis of these unusual iridium(III) pincer complexes from pyridine-2,6-dicarboxylic acids and standard dinuclear iridium(I) starting materials, the simple ligand architecture of these complexes and their potential catalytic applications based on C-H activation, have prompted us to investigate their formation mechanism. In addition, the scope of the synthetic methodology for the preparation of iridium(III) pincer complexes derived from related dicarboxylic compounds as precursors has also been investigated.
in 96% without the need of chromatographic purification after removing the LiPF 6 salt (Method B, Scheme 1). It is noteworthy that reaction of [Ir(cod)(CH 3 CN) 2 ]PF 6 with lithium pyridine-2,6-dicarboxylate (Li 2 pydc) also gave 1 in excellent yield instead of the expected iridium(I) anionic complex Li[Ir(κ 3 -pydc)(cod)] (Method C, Scheme 1). In this case, the formation of 1 can be explained by the presence of adventitious water in the organic solvents, which play an important role in providing the required proton for the formation of the cyclooctenyl ligand. In sharp contrast, only a very small amount of 1 was formed starting from the chloro-bridged dimer [Ir(µ-Cl)(cod)] 2 and pyridine-2,6-dicarboxylate lithium salts, even under heating conditions, which is consistent with the poor leaving ability of the chlorido ligand. (1-MeOH).
In order to shed light on the operating mechanism for the proton transfer we have prepared
fragment. 16 Thus, the lack of the resonance at δ 0.92 ppm in the 1 H NMR spectrum of 1-d 1 (Figure 1b) , assigned to the 8-H-endo proton, supports the proposed hydride/insertion mechanism as the migratory insertion proceeds with cis stereochemistry. Assuming that the parallel reorientation of the ligand could occur before the proton transfer to the cyclooctadiene ligand, rotation of the 6-carboxypicolinato ligand in 4 and coordination of a MeOH molecule leads to 4a which is just 6.8 kcal mol -1 above the starting mononuclear complex and has been shown to be a minimum in the potential energy surface of the molecule. The formation of the cyclooctenyl group could proceed by either the formation of a hydrido intermediate followed by insertion of the hydrido ligand into the double bond or by a direct protonation of the double bond by the acidic carboxyl group. Interestingly, the carboxyl group in 4a has the required orientation for both processes. Scanning of the Ir-H distance from the carboxyl group in the search for a potential hydrido is always uphill and any full optimization reverts to 4a. On the other hand, scanning the C(olefin)-H distance leads to a transition state TS 4a-1 at a relative energy of 37.0 kcal mol -1 which connects with the final complex 1-MeOH. Although this is a possible reaction pathway, the overall activation energy of 43.8 kcal mol -1 from 4 makes it highly unfavorable (Scheme 3, left side). proposed in the formation of 1. However, the intramolecular proton transfer to the iridium center from the carboxyl group in 5 does not take place and the formation of a related σ,π-cyclooctenyl iridium(III) complex was not observed. A comparison of the acidic strength of H 2 pydc (pK a1 = 2.10 and pK a2 = 4.38) 27 and MeN(CH 2 COOH) 2 (pK a1 = 2.50, pK a2 = 9.50) 28 evidenced the less acidic character of N-methyliminodiacetic acid. Despite having a very similar first acid dissociation constant, K a1 , the second acid dissociation constant, K a2 , differs by five orders of magnitude. Thus, the acidity of the COOH proton appears to play a key role in the proton transfer process which is in full agreement with the behavior observed in (6) with a closely related structure derived from the replacement of coe ligands by cod. Both complexes were obtained in 80% and 90% yields, respectively, using the correct stoichiometric ratio. Suitable crystals of 7 for the X-ray analysis were obtained by slow diffusion of solutions of both reactants in the corresponding solvents. The molecular structure of 7 is shown in Figure 5 and Table 1 collects the most relevant bond parameters.
The complex is tetranuclear, but only half of the molecule is crystallographically independent. The molecule exhibits a C 2 symmetry with an intramolecular crystallographic two-fold axis passing through Ir (2) and Ir(3) atoms. According to this, the four metal atoms conform a strictly-planar almost perfect square, with the metal atoms separated well over 5 Å, and with each iridium atom bonded to the olefinic bonds of two cyclooctene ligands. Each tetradentate iminodicarboxylate ligand is linked to all four metals, with each pair of oxygens of each carboxylate group bridging two contiguous metals, in an alternate way at both sides of the metal square, having an uncoordinated amine group (Figure 5b ). All the four metals exhibit slightly-distorted square-planar environments typical of Ir(I) atoms; it is noteworthy to point out that while the Ir(1) coordination plane is almost coplanar with the tetrametallic square skeleton (dihedral angle 13.26(5)º), those of Ir (2) and Ir(3) are nearly perpendicular (mean 83.57(5)º) to the tetrametallic reference plane. Bond distances (10) O (2) should be interpreted as the result of the electron rich Ir(I) engaging in a high degree of π-back-bonding.
The above described results strongly suggest that the acidity of the dicarboxylic compound is not the only factor that controls the formation of the unsaturated σ,π-cyclooctenyl iridium(III) complexes. In spite of its weaker Brønsted basicity, the stronger N-coordination ability of the pyridine fragment versus that of the aliphatic amines also should play an important role in the protonation step. In order to test this hypothesis, the reactivity of 2,2'-(pyridine-2,6-diyl)diacetic acid, py(CH 2 -COOH) 2 (pK a1 = 3.08, pK a2 = 5.92), was studied. 27 The reaction with standard dinuclear and mononuclear iridium starting materials invariably led to the formation of scarcely soluble yellow solids with poor resolved NMR spectra without any evidenced for the formation of a σ,π-cyclooctenyl iridium(III) complex. Thus, not only the acidity but also the rigidity of the tridentate ligand are determinant factors in the formation of σ-π-cyclooctenyl iridium(III) complexes. As it has been shown before, the key transition state for the proton transfer requires a rigid structure in order to allow the carboxylic group to approach the iridium center. However, in the case of highly flexible tridentate ligands the freedom of the carboxyl group and its fast intermolecular deprotonation by iridium dinuclear complexes probably determines the course of the reaction. (3) and -38.98 ppm (1-PMe 3 ). In addition, the coordination of the PR 3 ligands trans to the iridium-alkyl bond of the cyclooctenyl ligand is supported by the large J C-P coupling of the Ir-CH-resonance (C-1) in the 13 C{ 1 H} NMR spectra, which was observed at 31.72 (J C-P = 85.8
Hz) and 31.29 ppm (J C-P = 91.5 Hz), respectively. It is noticeable that an excess of PR 3 does not induce the decoordination neither of the σ,π-cyclooctenyl nor the pincer ligands, which demonstrate the outstanding stability of the rigid molecular framework in 1.
Reactivity of [Ir(κ 3 -pydc)(1-κ-4,5-η-C 8 H 13 )] with bidentate P-donor ligands. In order to induce a possible change in the coordination mode of the σ,π-cyclooctenyl moiety in [Ir(κ 3 -pydc)(1-κ-4,5-η-C 8 H 13 )] (1) we have explored its reactivity with chelating diphosphines.
Reaction of 1 with one equiv. of bis(diphenylphosphino)methane (dppm) gave [Ir(κ 3 -pydc)(1-κ-4,5-η-C 8 H 13 )(κ 1 -dppm)] (1-dppm) which features a monocoordinated dppm ligand (Scheme 4). The compound, which was obtained as a lemon yellow solid in 87% yield, has been fully characterized in solution by spectroscopic methods and in the solid state by a single crystal X-ray analysis. The presence of a κ 1 -dppm coordinated ligand became evident in the 31 P{ 1 H} NMR spectrum that showed two strong coupled doublet resonances at -17.47
and -27.81 ppm (J P-P = 70.7 Hz) corresponding to the coordinated and uncoordinated P donor atoms, respectively. 38 On the other hand, the coordination of the dppm ligand trans to the Ir-CH-bond of the σ,π-cyclooctenyl ligand was derived from the large J C-P coupling of 86.2 Hz observed for the C-1 resonance at 31.57 ppm in the 13 C{ 1 H} NMR spectrum. In addition, the >CH 2 resonance of the dppm ligand was observed as a doublets of doublets at 23.96 ppm with J C-P couplings of 31.2 and 16.7 Hz.
The molecular structure of 1-dppm is shown in Figure 7 . This molecule resembles quite well that of 1-py in which the pyridine group has been substituted by a monodentate Pbonded dppm ligand. The complex exhibits an analogous octahedral coordination, with the same stereo-distribution of ligands and statically identical molecular parameters for the pydc and for the σ,π-bonded cyclooctenyl ligands. Only the Ir-C bond distances of the coordinated olefinic group are significantly longer (mean 2.215(6) Å in 1-dppm) than those observed in 1-py (2.176(3) Å), although the C=C bond distance does not vary accordingly (1.387 (13) vs.
1.373(6) Å).
A remarkable difference of this molecule if compared with 1-py is the deviation of the olefinic carbons from the strictly-planar meridional plane described by the three donor atoms of the pyridinedicarboxylate group and the metal atom; while in 1-py the olefin fits As commented for the pyridine in 1-py, the high structural trans-effect of the alkylic Ir-C bond elongates the Ir-P(1) bond length to a value of 2.458(2) Å. As far as we know, this is the longest Ir-P bond distance observed in a Ir(III) complex containing a PR 3 phosphine trans-situated (C-Ir-P > 160º) to an alkylic sp 3 carbon (range 2.276-2.410 Å, mean 2.343 (2) a set of three broad resonances suggesting a fluxional behavior. However, the spectrum at 223 K featured well-defined resonances. The two coupled resonances at -12.12 and -14.17 ppm (J P-P = 32 Hz) were assigned to 1-dppe, and the two signals at -10.89 and -11.09 ppm to the two diastereoisomers of 1 2 -dppe (see below). Most probably, both species are in a dppemediated dynamic equilibrium 40 that causes resonances to broaden at room temperature.
2 1-dppe D 1 2 -dppe + dppe
The dinuclear complex 1 2 -dppm has been isolated from the solution obtained after dissolving a solid mixture of 1 and half equiv. of dppm in CH 2 Cl 2 /MeOH (3/1). This method has revealed also useful for the synthesis of compounds 1 2 -dppe and 1 2 -dppp using the corresponding diphosphines. The complexes have been obtained as yellow solids in yields over 80% and fully characterized by elemental analysis, mass spectra and multinuclear NMR spectroscopy. The ESI spectra of the three compounds showed the molecular ions of the mononuclear complexes [1-diphos] + resulting from the loss of one of the iridium fragments.
However, the ESI spectrum of 1 2 -dppe showed the molecular ion at m/z 1329.2 with the right isotopic distribution.
The C-1 atom of the σ-π cyclooctenyl ligand in 1 is a stereogenic center and then, compound 1 is chiral and exists as a pair of enantiomers, namely (R C )- (1) supports the proposed structure.
n formation of this key hydrido intermediate results from the solvent-assisted proton transfer through a hydrogen-bonding network involving a carboxyl group, a methanol molecule and the iridium center forming an eight-membered metallacycle.
The application of this synthetic methodology with related dicarboxylic acids precursors for dianionic tridentate pincer ONO complexes has shown a narrow scope. However, the reactivity of some iminodiacetic acids derivatives, RN(CH 2 COOH) 2 (R = Me, Ph), has allowed us to identify the acidity (pK a ) and the rigidity of the potential tridentate ligand precursor as the key factors leading σ,π-cyclooctenyl iridium(III) complexes.
Complex [Ir(κ 3 -pydc)(1-κ-4,5-η-C 8 H 13 )] behaves as an unsaturated species and coordination of some monodentate N-and P-donor ligands has lead for the preparation of octahedral complexes. The stability of the rigid molecular framework has allowed for the preparation of diphosphine-bridged dinuclear assemblies that have been obtained as a mixture of two diastereoisomers. Interestingly, in the case of the short-bite bis(diphenylphosphino)methane ligand the nuclearity can be modulated and a mononuclear complex having a κ 1 -dppm ligand has been also prepared.
Experimental Section
General considerations: All experiments were carried out under an atmosphere of argon 43 Pyridine-2,6-dicarboxylic acid (H 2 pydc), N-methyliminodiacetic and N-phenyliminodiacetic acids were obtained from Fluka, Aldrich and Acros, respectively, and used as received. 4-bromopyridine-2,6-dicarboxylic acid (Hpydc-Br) was prepared from chelidamic acid (4-hydroxypyridine-2,6-dicarboxylic acid, Fluka) following the procedure described in the literature. afforded the compound as a yellow solid. Yield: 0.090 g (90%). The analytic and spectroscopic data evidenced that compound 1 was actually isolated as the methanol solvate 36, 176.06 (CO), 148.48, Theoretical Calculations. All computations were performed using the Gaussian 09 (RevB.01) package. 45 The structures fully optimized without geometrical constraints and the stationary points (minima and TS) were confirmed by frequency calculations. The connection between the transition states and the minima were checked by visual inspection of the negative frequency calculation and an extensive IRC calculation in both directions was performed for the transition state TS 4-4b . The calculations were carried out using the B3LYP functional and the basis sets used were: LANL2DZ supplemented with an f function and its associated ECP for iridium, 46 and 6-31G** for the rest of atoms. The structures of the optimized molecules were depicted with the CyLview program.
47
Crystal structure determination. Data collection was performed at low temperature (100(2)K) on a Bruker SMART APEX CCD (1-py and 1-dppm) or on a Bruker APEX DUO (7) diffractometers equipped with graphite-monochromated Mo-Kα radiation (λ = 0.71073 Å) using narrow frames (0.3˚ in ω). Cell parameters were refined from the observed setting angles and detector positions of strong reflections (31 744 refl., 2θ ≤ 30.27º (7); 9 435 refl., 2θ ≤ 28.85º (1-py); 894 refl., 2θ ≤ 16.57º (1-dppm)). Data were corrected for Lorentz and polarization effects using SAINT-PLUS, 48 and a multiscan absorption correction was applied with SADABS program. 49 The structure was solved by Patterson or direct methods and completed by successive difference Fourier syntheses (SHELXS-86).
subsequent anisotropic displacement parameters for all non-hydrogen atoms. Treatment of hydrogen atoms and detected static disorder problems are described below.
Crystal data for 1-py: for all data; max difference peak/hole 1.107/−2.072 e Å −3 . Hydrogens were introduced in calculated positions and refined with positional and displacement riding parameters. An analogous static disorder of the σ,π-cyclooctenyl ligand to that described for 1-py was observed. A similar model based on two partial fragments was established for this molecule. unique (R int = 0.0323); number of data/restraints/parameters 11 887/0/716; final R 1 = 0.0256 (I > 2σ(I)), wR 2 = 0.0713, S = 1.069 for all data; max difference peak/hole 1.870/−0.521 e Å −3 .
Most of the hydrogen atoms of the metal cluster have been observed in the difference Fourier maps and refined as free isotropic atoms. A methanol solvent molecule was highly disordered among the metal complexes; two independent CO moieties (without hydrogen atoms) with complimentary occupancy factors were included in the model to account for the presence of this solvent.
